DNA is frequently methylated by methylating substances present in the external environment in addition to those within cells themselves. In mammalian cells, the methylation of DNA causes mutations, cytotoxicity and carcinogenecity. However, living cells have acquired three mechanisms for the repair of methylation-damaged DNA. First, the base excision repair pathway, which is initiated by methylpurine-DNA glycosylase, excises methylated purines, such as 3-methyladenine and 7-methylguanine, in DNA 
Introduction
DNA is frequently methylated by methylating substances present in the external environment in addition to those within cells themselves. In mammalian cells, the methylation of DNA causes mutations, cytotoxicity and carcinogenecity. However, living cells have acquired three mechanisms for the repair of methylation-damaged DNA. First, the base excision repair pathway, which is initiated by methylpurine-DNA glycosylase, excises methylated purines, such as 3-methyladenine and 7-methylguanine, in DNA [1] . The resulting apurinic site is then sequentially processed by an apurinic endonuclease, a DNA polymerase, and a DNA ligase, leading to complete repair of the methylated DNA. Secondly, O-methylated bases, such as O 6 -methylguanine, are directly reversed by O 6 -methylguanine methyltransferase [2] . In the enzymatic reaction, the methyltransferase transfers a methyl group from the O 6 -methylguanine of DNA to its own cysteine residue, thereby repairing the methylated DNA in a single-step reaction. Finally, a recently identified repair mechanism is oxidative demethylation that is catalysed by the E. coli AlkB protein. Treatment of E. coli with methylating agents induces four types of methylation repair proteinsAlkA, Ada, AidB and AlkB-as an adaptive response [3] . AlkA and Tag are methylbase glycosydases, and Ada and Ogt are methyltransferases. For some time, the function of AlkB remained undetermined. Recently, however, an interesting function of AlkB was discovered. AlkB possesses a 2-oxoglutarateand iron(II)-dependent (2OG-Fe[II]) oxygenase domain [4] . In the presence of 2-oxoglutarate and Fe 2+ , this domain and a nucleotide recognition lid mediate the demethylation of 1-methyladenine (1-meA) and 3-methylcytosine (3-meC) previously methylated by SN2 methylating agents [5] [6] [7] . A human AlkB homologue was first identified from a human synovial sarcoma cDNA library and designated ABH (AlkB homologue) [8] . The amino acid sequences of ABH and AlkB are conserved in the 2OG-Fe(II) oxygenase domain with 34% identity. Subsequently, two research groups determined that hABH2 and hABH3 function as human homologues of AlkB [9, 10] . hABH2 and hABH3 catalyse the demethylation of 1-meA and 3-meC damages in DNA by a mechanism involving oxidative demethylation. Interestingly, it was demonstrated that both AlkB and hABH3 catalyse the demethylation of RNA methylated by methylating agents [10, 11] . Mice lacking functional mABH2 and mABH3 genes have recently been generated [12] . In the absence of exposure to exogenous methylating agents, ABH2-deficient mice accumulate significant levels of 1-meA in the genome, suggesting a physiologically important role for ABH2 in demethylation.
Bioinformatics analyses suggest the existence of five new AlkB family members in humans that possess a highly similar region to the 2OG-Fe(II) oxygenase domain of AlkB. These molecules have been designated hABH4 through hABH8 [13] . The nucleotide sequences of hABH4 to hABH7, each of which contains an open reading frame (ORF), have been registered in the database. The hABH8 nucleotide sequence, however, was indicated to be incomplete as a consequence of a split-domain conformation and alternative splicing [13, 14] . Osada et al. proposed the existence of a human gene that is highly similar to the ABH8 gene of Macaca fascicularis [15] . However, the nucleotide sequence and domain structure of hABH8 remain to be clarified. Moreover, hABH4-hABH7, as well as hABH1, are experimentally un-characterized and poorly annotated [16] .
In this study, we identified the mRNA expression of the proposed hABH family members, including hABH2 and hABH3, and compared their expression and sub-cellular localization in order to obtain fundamental information for analysing their physiological function. The expression of hABH1-hABH8 mRNAs was detected in testis. Sequence analysis of these molecules revealed not only the hABH1-hABH7 ORFs contained in the database, but also the existence of an alternatively spliced form of hABH2 that lacks the 2OG-Fe(II) oxygenase domain. Moreover, a full-length sequence of the hABH8 ORF was determined. Real-time PCR analysis indicated the expression of hABH mRNAs in all the tissues examined. Sub-cellular localization was examined by expressing EmGFP-hABHs fusion proteins. hABH1, hABH4, hABH5, hABH6 and hABH7 localized in the nuclei and cytoplasm, whereas hABH8 localized only in the cytoplasm. Interestingly, a dot-like localization was detected in some cells expressing hABH5. Moreover, localization of the alternative splice form of hABH2 also exhibited a dot-like pattern in the nucleoplasm that was clearly different from that of hABH2 in nuclei.
Materials and methods

Reverse transcription (RT)-PCR of hABH1 to hABH8
The expression of the mRNA for hABH family molecules was evaluated in testis cDNA (Clontech Takara). The cDNA was subjected to PCR for 35 cycles using LA Taq DNA polymerase (Takara) for hABH1, hABH3 and hABH8, using KOD DNA polymerase (Toyobo) for for hABH2, hABH4, hABH5 and hABH7, and using PrimeStar HS DNA polymerase (Takara) for hABH6, in 25-µl reactions. The GenBank accession numbers and primer sequences used for the amplification of each hABH are listed in Table 1 . The reaction products were resolved by electrophoresis on a 2% agarose gel for the verification of the product sizes. The resolved products were excised, purified and then cloned into a pT7 blue vector (Promega) for sequencing (Applied Biosystems).
Real-time PCR
The relative quantities of hABH mRNAs in a panel of normalized cDNAs derived from 16 human tissues (Human MTC Panels I and II; Clontech Takara) were analysed by real-time PCR (Roche) using a SYBR ExScript reverse transcriptase-polymerase chain reaction (RT-PCR) kit (Takara). Details of the primer sequences for each hABH are provided in Table 2 . In order to avoid the amplification of the entire genomic DNA, each primer was located in a different exon. Serial dilutions of hABH and glyceraldehyde-3-phophate dehydrogenase (GAPDH) cDNAs were used to construct standard curves. Each determination was performed three times for each cDNA sample as independent PCR runs. The data from each PCR were normalized by dividing the quantity of each hABH by the quantity of GAPDH to correct for the differences in each sample.
Construction of pcDNA6.2/N-EmGFPhABHs vectors
The cloned hABH1-hABH8 cDNAs were amplified by PCR using LATaq DNA polymerase (Takara). The amplified products were then sub-cloned into Gateway entry vectors, either pENTR1A, pENTR3C or pENTR/D-TOPO (Invitrogen). The entire coding sequence of the hABH1-hABH8 cDNAs was confirmed by sequencing. The hABH cDNAs in the pENTR-hABHs entry vectors were transferred into the Gateway destination vector pcDNA6.2/N-EmGFP-DEST using the LR clonase enzyme mix (Invitrogen) according to the manufacturer's instructions. pcDNA6.2/N-EmGFP-DEST was designed to produce an N-terminal fusion protein with an EmGFP tag for detection using fluorescence microscopy. The alternatively spliced form of hABH2 cDNA was also cloned into pcDNA6.2/N-EmGFP-DEST in the same manner as that described for the hABH2 cDNA.
Transient transfection
HeLa cells maintained in Dulbecco's modified Eagle's medium containing 10% foetal calf serum were plated at 1.4 x 10 5 in a 35-mm dish on the day before transfection.
pcDNA6.2/N-EmGFP-hABHs plasmids (2 µg) were transfected into the cells using TransIT HeLa Monster (Mirus) according to the manufacturer's protocol.
Immunoblot analysis
Immunoblotting was performed as previously described [17] . Briefly, hABH transfectants were lysed in 1 ml of ice- cold lysis buffer (1% Nonidet P-40, 150 mM NaCl, and 50 mM Tris, pH 7.4) with a protease inhibitor cocktail (Nakarai). The cell lysates were centrifuged, resolved by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a polyvinylidene fluoride (PVDF) membrane (BioRad). The membrane was blocked with 3% bovine serum albumin (BSA) in TBS-T (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, and 0.1% Tween 20), incubated with rat anti-GFP antibody at room temperature for 1 hr, and then with horseradish peroxidase (HRP)-conjugated antirat IgG (Santa Cruz Biotechnology) diluted in TBS-T and incubated at room temperature for 1 hr. After three washings with TBS-T, the bound HRP conjugates were visualized with an ECL Plus Western blotting detection system (GE Healthcare) and detected with a cooled CCD camera system (Light-Capture, Atto).
Sub-cellular localization
Transiently transfected HeLa cells were fixed with 4% paraformaldehyde in PBS for 30 min. The DNA was stained with 0.1 µM 4,6-diamino-2-phenylindole (DAPI) fluorescent dye (Boehringer Mannheim) and washed three times with phosphate-buffered saline (PBS). Following the washes, a drop of mounting solution (90% glycerol in PBS) was placed directly onto the culture dish and a cover slip applied. Fluorescence was visualized with an Olympus BH2-RFCA fluorescence microscope.
Accession number
Accession numbers of hABH2 transcript variant 1 and hABH8 are AB277859 and AB218768, respectively.
Results
Detection of the hABH family members in testis
In our previous paper, we described the cloning of hABH3 as a highly expressed gene in human prostate cancer (Fig. 1A ) [18] . Recently, based on in silico analysis, the existence of five members of the hABH family (hABH4 through hABH8) was predicted. Therefore, we first examined the existence of these experimentally un-characterized genes. Since we have observed the highest expression of hABH3 mRNA in human testis, the mRNA expression of the other hABH family members was also examined using human testis cDNA. The RT-PCR primer pairs used were designed to amplify the full-length of the ORF of each hABH mRNA ( Table 1) . As shown in Figure 2 , with the exception of hABH8, the products amplified using each of the hABH primer pairs corresponded closely to the expected sizes. The nucleotide sequences of the amplified products of hABH1 through hABH7 were almost completely identical to those in the National Center for Biotechnology Information (NCBI) database, indicating that these six hABH family members, including hABH3, are at least expressed in the testis. Only in the hABH2-amplified product were two discrete bands detected: an upper band of approximately 800 bp, and a lower band of approximately 600 bp. The sequence analysis indicated that the amplified upper band was completely identical to the ORF of the hABH2 gene (accession no. NM_001001655). The hABH2 gene maps to chromosome region 12q24.1 and comprises at least four exons (Fig. 1B) . The nucleotide sequence of the lower band in the hABH2-amplified products lacks the exon 3 of the hABH2 gene and encodes a product of 852 nucleotides in length, including an ORF of 157 amino acids. The sequence was submitted to the DNA Data Bank of Japan (DDBJ) data base as hABH2 transcript variant 1 (accession no. AB277859). The alternative splicing of the hABH2 gene results in a frameshift deletion of the C-terminal 2OG-Fe(II) oxygenase domain; this is described as ⌬hABH2 in Figure 1B . The RT-PCR analysis indicated that there was no tissue-specific expression of ⌬hABH2 mRNAs in the normal tissues (data not shown).
Molecular cloning of hABH8 cDNA amplified by RT-PCR
The hABH8 PCR product was approximately 2000 bp in length (Fig. 2) , which is considerably longer than the nucleotide number of the predicted hABH8 ORF (717 bp) in the database (accession no. NM_138775). The nucleotide sequence of the amplified RT-PCR product suggested that the hABH8 registered in the NCBI database would result from the alternative splicing of our identified product. Therefore, we cloned the hABH8 cDNA encoding a product of 2144 nucleotides in length-including an ORF of 664 amino acids-based on a combination of M. mulatta (XM_001102947) cDNA and information obtained from the NCBI human genome resources database (Fig. 3) . We submitted the sequence to the DDBJ database as hABH8 (accession no. AB218768). The NCBI human genome resources database indicated that the cloned hABH8 gene is located in chromosome region 11q23.1 and comprises at least 12 exons. An EMBL-EBI InterProScan sequence search (http://www.ebi.ac.uk/interpro/) indicated that the cloned hABH8 is a member of the 2OG-Fe(II) oxygenase superfamily. Moreover, the existence of an RNA recognition motif and a methyltransferase domain are recognized in hABH8 (Fig. 1A) , suggesting that hABH8 might be a unique molecule that uses RNA as a substrate and expresses both methylation and demethylation enzymatic activities. Table 1 .
Fig. 3
Nucleotide and predicted amino acid sequences of hABH8. The conserved 2OG-Fe(II) oxygenase domain is boxed, the RNAbinding motif is underlined and the methyltransferase domain is shaded.
Numbering of the nucleotide and amino acid positions is indicated on the left.
Real-time PCR analysis of hABHs in normal human tissues
The expression levels of hABH1 to hABH8 mRNAs in normal human tissues were determined in a normalized panel of 16 human tissues by quantitative realtime PCR. Table 2 lists the specific primer pairs for each hABH amplification and the number of nucleotide in the amplified fragments within the hABH ORFs. The hABH2 primers were purchased from Qiagen (Cat. No. QT00219093) and their nucleotide sequence are not disclosed. A 117-bp fragment within GAPDH was amplified as a housekeeping gene and the results were expressed as a relative fold against GAPDH. As shown in Figure 4 , relatively high expression levels of hABH1 to hABH8 transcripts were detected in the pancreas and testis, although their expression was ubiquitously observed in all the human tissues examined.
Immunoblot and sub-cellular localization of EmGFP-hABHs
In order to examine the sub-cellular localization of the hABH family molecules, we generated hABH expression vectors in which EmGFP was fused at the N terminus of each hABH1-hABH8 coding region. HeLa cells were transiently transfected with the constructs encoding the EmGFP-hABH fusion proteins as well as EmGFP alone as a control. The cell lysates were prepared 24 hrs after transfection, resolved on an SDS-PAGE gel, and then transferred to a PVDF membrane. The membrane was immunoblotted with anti-GFP antiserum. As shown in Figure 5 , discrete bands with the expected molecular masses were detected in each lysate of the EmGFPhABH-transfected cells, indicating successful construction and transfection of each EmGFP-hABH expression vector. The sub-cellular localization of the EmGFP-hABH fusion proteins was examined with fluorescence microscopy 24 hrs after transfection. As shown in Figure 6A , the control EmGFP was diffusely distributed in the cell and did not exhibit any particular localization pattern. As previously reported, hABH2 accumulates in the nuclei with particularly bright nucleolar staining and hABH3 localizes in both the nuclei and cytoplasm. hABH1, hABH4, hABH5, hABH6 and hABH7 were observed throughout the cells but hABH8 was detected only in the cytoplasm. Interestingly, many bright EmGFP foci were detected in the cytoplasm of some EmGFP-hABH5-expressing HeLa cells after approximately 24 hrs of transfection (Fig. 6B) . However, we could not detect the specific localization of EmGFP-hABH5 in the cell organelles.
The sub-cellular localization of hABH2 variant 1 was compared to hABH2. The fluorescence of EmGFP-hABH2 transcript variant 1 (⌬hABH2) was detected diffusely in the nuclei as well as in the cytoplasm. This localization pattern of hABH2 variant 1 is markedly different from that of ABH2 (Fig.  6A) . Moreover, bright, dot-like fluorescence structures were detected in the nuclei but not in the nucleoli. There was no difference in the sub-cellular localization of EmGFP-tagged hABH proteins between the fixed and un-fixed cells. The expression of EmGFP-hABH2 variant 1 was also confirmed by western blotting using an anti-GFP antibody (Fig. 5) .
Discussion
In the present paper, we have clarified the expression of five members of the human ABH family (hABH4-hABH8) and have compared their tissue distribution and sub-cellular localization with those of hABH1-hABH3. Wei et al. were the first to clone the human AlkB homologue (hABH) [8] , the sequence of which was subsequently corrected and referred to as hABH1 [9, 10] . Although hABH was reported to partially rescue an E. coli AlkB mutant from methyl methanesulfonate-induced cell death, this function has not been confirmed for hABH1. Subsequently, hABH2 and hABH3 have also been identified as human homologues of AlkB and are confirmed to complement the AlkB mutant phenotype. hABH2 demethylates methylated double-stranded DNA, while hABH3 demethylates both methylated singlestranded DNA and methylated RNA. Recent in silico analysis suggested that more than five genes (hABH4-hABH8) that are experimentally un-characterized and poorly annotated comprise the 2OG-Fe(II) oxygenase superfamily together with hABH1-hABH3 [13] . We have detected the expression of the hABH4 to hABH7 mRNAs as well as that of hABH1-hABH3 in testis cDNA and verified the sequences of their complete ORFs. On the other hand, the hABH8 sequence that is presented in the database is assumed to be derived from an alternatively spliced form of hABH8 and has no in-frame 2OG-Fe(II) oxygenase domain. We have determined the mRNA sequence, including a complete ORF of hABH8. The cloned hABH8 cDNA comprises at least 12 exons in the 11q22.3 region and encodes 664 amino acids. The database hABH8 cDNA (accession no. NM_138775.1) is lacking exons 7, 10 and 11, resulting in an hABH8 isoform without the 2OG-Fe(II) oxygenase domain due to frameshift errors. The cloned hABH8 displays a similarity to M. mulatta CG17807-PA, transcript variant 3 (XM_001102947) and Mus musculus alkylation repair homologue 8 (NM_026303) with approximately 97% and 43% identity, respectively. Interestingly, not only the 2OG-Fe(II) oxygenase domain but also the RNA binding motif and the methyltransferase domain were detected in cloned hABH8 by motif and domain searches. Moreover, hABH8 possesses sequences that are similar to those of AdoMet binding motifs and to the C-terminal region of trm9 [18] , suggesting that hABH8 might play an important role as a tRNA methylase. The EmGFP-hABH8 expressed in HeLa cells was localized exclusively in the cytoplasm. These results suggest that hABH8 might possess both demethylation and methylation activities in a single molecule and its target molecule as a substrate might be RNA. Studies on the interesting enzymatic activity of hABH8, its substrate specificity and the regulatory mechanisms of the two different enzymatic activities are now in progress.
The demethylation activities of hABH2 and hABH3 have been previously examined in vitro as well as in E. coli and in a bacteriophage system [9, 10] . These two hABHs are capable of demethylating the methylated residue at the N1 position of purines and the N3 position of pyrimidines [19] [20] [21] . hABH2 preferentially repairs alkylated double-stranded DNA, whereas hABH3 targets alkylated single-stranded DNA and alkylated RNA as substrates. Immunohistochemical analysis using an anti-hABH3 antibody indicated the localization of hABH3 in the nuclei of human prostate cancer specimens [22] . Moreover, EYFP-hABH2 and EYFP-hABH3 transfectants indicate that hABH2 accumulates in the nuclei, and particularly in the nucleoli, whereas hABH3 is present in both the nuclei and in the cytoplasm [10] ; observations that were confirmed in the present study. Interestingly, the EmGFP-⌬hABH2 localized in the nucleoplasm with a dot-like pattern; however, no localization was observed in the nucleoli during any cell cycle. Due to the absence of a 2OG-Fe(II) oxygenase domain, the hABH2 splice variant is expected to be deficient in demethylation activity. Recently, mice lacking a functional mABH2 gene have been generated [12] . These mice are viable and no obvious phenotype was observed. However, the accumulation of significant levels of 1-meA was detected in the genome of mice lacking mABH2. These results indicate that ABH2 plays a major role in removing endogenously generated 1-meA in genomic DNA. Therefore, the dot-like fluorescence of EmGFP-⌬hABH2 might indicate the position of methylated or un-detected, damaged DNA.
hABH1-8 mRNAs are ubiquitously expressed in normal human tissues, suggesting that the hABH family molecules play fundamental and crucial roles in these tissues. All organisms are continually exposed to alkylating substances generated endogenously and in the environment. The alkylating substances induce the alkylation of DNA, RNA and proteins, causing developmental abnormalities, immunological diseases, premature aging and cancer by disrupting the normal functions of these molecules. If the hABH family molecules function as repair molecules for alkylation damage to DNA and RNA, the broad and abundant expression in these organs is explicable. In contrast to demethylation, the methylation of genomic DNA is known to be catalysed by DNA methyltransferases (DNMTs). The eukaryotic DNMT family has five members: DNMT1, DNMT2, DNMT3a, DNMT3b and DNMT3L [23] [24] [25] . The DNMT family members are classified into two classes based on their preferred DNA substrate: The de novo methyltransferases DNMT3a and DNMT3b are mainly responsible for introducing cytosine methylation at previously un-methylated CpG sites, whereas the maintenance methyltransferase DNMT1 copies pre-existing methylation patterns onto the new DNA strand during DNA replication. In contrast, DNMT2 appears to function as a tRNA methyltransferase [26] [27] [28] [29] . DNMT3L does not exhibit intrinsic DNA methyltransferase activity; however, it does modulate the catalytic activities of DNMT3a and DNMT3b [30] . DNMT1, DNMT3a and DNMT3b exhibit widespread expression in most normal tissues [31] . These characteristics and expression patterns of the DNMT family members are very similar to those of the ABH family members: at least eight ABH family molecules with the conserved AlkB homologous domain distribute in many tissues, the sub-cellular localization of the hABHs overlap, and there is a splice variant lacking the catalytic domain. Therefore, the findings of this study together with a comparison with the DNMTs may provide us with useful information for the functional analyses of the hABH family members [32] .
In conclusion, we have experimentally verified the existence of hABH4, hABH5, hABH6 and hABH7 mRNAs containing the entire length of ORFs. Moreover, we have cloned the hABH2 splice variant and hABH8 containing an RNA recognition motif, a methyltransferase domain, and a 2OG-Fe(II) oxygenase domain. The hABH2-splicing variant has no 2OG-Fe(II) oxygenase domain and exhibits unique sub-cellular localization. The eight ABH family molecules containing the conserved AlkB homologous regions are expressed ubiquitously in human tissues, suggesting either the existence of specific substrates and/or redundant substrate specificity as backup enzymes. An examination of the biological functions of the ABH family of molecules is necessary for the clarification of the DNA and RNA repair systems.
